Lipoamide dehydrogenase, enzyme-immobilization, kinetics, phosphate influence Lipoamide dehydrogenase (EC 1.6.4.3) has been succesfully linked to a CNBr-activated polysaccharide matrix, Sepharose-4B, under different reaction conditions. The enzyme is probably bound more homogeneously at lower pH values (pH 7.5) than at pH 8.5. Such immobilized preparations yield V values 8 -30% of the value of the V of the free enzyme (18,600 mole/min/mole of flavin). A low level of CNBr-activation in combination with substrate protection and a pH of 7.5 during the coupling reaction leads to the most active preparations. The Km values for both substrates increase considerably.
Fixation of enzymes on a solid matrix will become an important model for the interpretation of enzyme behaviour in vivo. For systems like the respiratory chain enzymes this is an obvious approach, but it may also prove to be useful for systems where enzymes are found to be only loosely associated with membrane structures. Several excellent review articles on the immobilization of enzymes and the potentials of this technique have appeared in recent years (e.g. ref. 1, 2) . Most information with respect to the kinetic behaviour of immobilized enzymes has been obtained with proteolytic enzymes with a few exceptions like glucose oxidase 3 .
In this study another flavoprotein, lipoamide dehydrogenase, was covalently linked to a matrix (Sepharose-4B). This system was attractive for different reasons. The amount of protein bound is rather easily determined by measuring the flavin content. Previous kinetic studies with the free enzyme resulted in some postulations with respect to the mechanism 4 ' 5 . It is of course essential to have detailed information on the kinetic mechanism of the enzyme under conditions of homogeneous catalysis. Moreover this flavoprotein is part of two important multienzyme complexes, viz. the pyruvate dehydrogenase and the a-ketoglutarate dehydrogenase complex, which is an additional reason for our interest.
Requests for reprints should be sent to Dr. J. VISSER, Laboratorium voor Biochemie, Landbouwhogeschool, De Dreijen 11, Wageningen (The Netherlands).
Methods

Coupling of the enzyme
Sepharose-4B (Pharmacia) had to be washed extensively on a Büchner funnel to remove the sodium azide which is present as a bacteriostatic. The gel was activated with cyanogen bromide at pH 10.5 -11.0 as described by CUATRACASAS 6 . The amount of CNBr used was 40 mg/ml of packed gel unless stated otherwise. Subsequently the activated gel was frequently washed using ice-cold buffer, the same as used during the coupling reaction.
Activated agarose (2.5 ml of packed gel) was incubated with pig heart lipoamide dehydrogenase (4.7 mg) during 24 hrs at 4°. The buffer, a 30 MM sodium phosphate buffer pH 7.5 or a 30 MM sodium borate buffer pH 8.5, also contained 0.3 MM EDTA. Moreover, in order to protect the active site during the coupling, both substrates in their oxidized form were added simultaneously with the enzyme in a final concentration of 0.75 MM for NAD + and 0.25 MM for lipoate. Then the agarose was poured in a small-sized column (0 0.5 cm) and eluted with a pH 7.2 sodium phosphate buffer of high ionic strength (150 -200 MM), containing 0.3 MM EDTA. In the final eluate no enzymatic activity could be detected.
Protein concentration determination
Lipoamide dehydrogenase contains 2 moles of FAD per mole of enzyme. The flavin content was determined spectroscopically by treating a sample of the polysaccharide gel with 6% Perchlorate followed by neutralization and filtration over a glass funnel to remove the gel particles. A calibration curve was constructed by adding known amounts of flavin to a standard amount of gel followed by the same extraction procedure as just mentioned.
Activities
Enzymatic activities of the immobilized enzyme were determined with an Aminco Chance dual wavelength spectrophotometer (0 -5% transmission scale or 0 -0.05 absorbance range) using 340 nm als the measuring and 380 nm as the reference wavelength. The Chance was calibrated with a known amount of NADH which was determined independently with a Zeiss spectrophotometer. The assay conditions were those described previously 4 . However, two different phosphate buffer concentrations (50 MM and 100 MM) were applied instead of the usual one (50 MM).
A sample of the agarose-bound enzyme was diluted in 30 MM sodium phosphate buffer plus 0.3 MM EDTA to a final concentration of approximately 0.2 /iU. The reaction was started by adding a constant amount of the homogeneous agarose-suspension.
Similar samples of the free enzyme were used for comparison. The enzyme preparations used throughout these experiments all originated from one batch of purified enzyme, characterized by an absorbancy ratio A2so/Ai55 of 5.7 and a specific activity (A A$4o nm/min/ mg protein) in the lipoate assay of 43.1. Dilutions of the enzyme showed no time-dependent inactivation over the period they were used (10 -12 hrs). The stock solution of the enzyme (20 mg/ml) was kept frozen at -15 °C unless needed.
Results and Discussion
Immobilization of an enzyme will result in a kinetic system, which is characterized by non-homogeneous catalysis. The ideal situation, if one wants to compare such a system with a homogeneous catalysic system, would be that the enzyme molecules are bound uniformly and identically to the matrix while the matrix itself imposes the same microencironment to all the bound enzyme molecules. The situation is even more complex when subunits are present each with a catalytic site whether those sites are cooperative or not. Binding to a matrix might make those sites non-equivalent, particularly if an enzyme is only bound through one subunit. The system Sepharose-4B lipoamide dehydrogenase as we studied it, is non-ideal in many respects, if at least the criteria just mentioned are applied.
By selecting the conditions (viz. the degree of CNBr activation and the pH for the subsequent coupling reaction) we tried to make the binding more homogeneous. Moreover, the sites which are known to be of importance for catalysis were protected by their respective substrates in concentrations sufficiently exceeding the values of the two binding constants in the case of NAD + [ref. 4 ] and the value of the Km for lipoate as the binding constant for this latter substrate is unknown.
Sepharose-4B is a highly porous polysaccharide gel, with macromolecular sieve properties, built up from spherical agarose particles with a size distribution of 40 to 190 ju. Notwithstanding the size of the pores within such a sphere, conclusions about the possibility that the micro-environment is homogeneous are hard to draw.
The pH-value at which lipoamide dehydrogenase is linked to the matrix influences the amount of enzyme bound as well as the kinetic properties (cf. Table I ). At pH 7.5 one expects the incorporation to be more homogeneous than at pH 8.5 since Table I . Kinetic parameters of free and immobilized enzymes. The free enzyme was diluted to approx. 0.02 mg/ml in 30 MM sodium phosphate buffer pH 7.2 plus 0.3 MM EDTA. Immobilized enzymes were also diluted within the same buffer to a similar concentration. The gels C and B were activated with 40 mg CNBr/ml packed gel, gel D with 80 mg CNBr/ml of packed gel. of the assay buffer deviations from linearity occur, especially at low concentrations of reduced lipoamide (cf. Fig. 1 A) . A detailed kinetic study over an extended concentration range is in progress. The matrix-bound enzyme preparations have an overall kinetic pattern identical to that of the free enzyme (over a limited as well as an extended concentration range. L-B plots (Fig. 1) of the enzyme immobilized at pH 7.5 are given as an example of how the kinetic parameters in Table I have been evaluated. The V values of all the immobilized enzymes are lowered when compared to the V of the free enzyme.
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Lipoamide dehydrogenase bound at pH 7.5 turns out to be more active than the preparations made at pH 8.5. Striking is the result that the Km values for both substrates are so very different from those of the free enzyme while at the same time less active immobilized enzymes, as the one obtained at pH 8.5, have Km values corresponding much better with those of the free form. Factors which are maybe involved here are: a) the specificity of the binding as reflected by the differences in K,n values, b) the CNBr activation level which might influence the specificity of the binding, and c) the local concentration of enzyme on a gel particle which could be so high that under the conditions of the experiment a deficiency in substrate is present. The reason for increased Km values is unknown; several factors could be involved of which diffusioncontrolled rates is a very likely one. Another pos sibility has been excluded viz. substrate repulsion due to charges on the matrix and the substrate, since an increase in ionic strength does not diminish the Km values. Moreover, the matrix is almost neutral.
In Fig. 2 Km V values are given for different enzyme preparations. While the phosphate buffer affects mainly the lipoate binding of the enzyme immobilized at pH 8.5, it turns out to be mainly the NAD + affinity, which is affected in the enzyme immobilized at pH 7.5.
Whether the reaction rate is diffusion-controlled has to be verified yet. APNAD + and similar analogues are useful substrates in this respect, due to their low turnover numbers.
Another striking difference between the preparations made at pH 7.5 and pH 8.5 is that in the first case no phosphate effect is observed on the V, this in contrast with the free enzyme and the one 100 MM sodium phosphate buffer (pH 7.6). B: As in A, for two immobilized enzyme preparations (C) and (B). The enzyme immobilized at pH 7.5 has the following symbols: (oo) 50 MM sodium phosphate buffer, (xx) 100 MM sodium phosphate buffer. The other enzyme is imobilized at pH 8.5 and also assayed in (••) 50 MM sodium phosphate buffer and (A A) 100 MM sodium phosphate buffer.
-immobilized at pH 8.5. It is known that phosphate has a pronounced influence on the stability of the dimeric form of lipoamide dehydrogenase 7 . The specific activity of a freshly prepared free enzyme declines only slightly at extreme dilutions (Table  II) , but when the enzyme is stored frozen for prolonged times, it dissociates much easier with subsequent inactivation. Since some of the immobilized enzymes have phosphate-stimulated V values in the same order of magnitude as the free enzyme, it seems unlikely that the phosphate effect is directly on the monomer-dimer equilibrium since the extensive washing procedure applied to the matrixbound enzyme would have removed possibly dissociated monomers.
The phosphate sensitivity disappears almost completely when the free enzyme is aged in a frozen state. V values of the same enzyme preparation stored for 5 months are much lower (Table II) , if determined in assay buffers of 50 MM and 100 MM phosphate respectively. The Km values for both substrates did not change upon ageing. It seems likely that the enzyme contains specific phosphate binding sites, which influence the subunit-subunit interactions as well as the lipoate binding.
Unexplained at the moment remains also the observation that the Km values of an immobilized enzyme decrease upon ageing. This in contrast to the V which remains unaltered. 
